ABSTRACT: Hematin crystallization is an essential component of the physiology of malaria parasites. Several antimalarial drugs are believed to inhibit crystallization and expose the parasites to toxic soluble hematin. Hence, understanding the mechanisms of hematin crystal growth and inhibition is crucial for the design of new drugs. A major obstacle to microscopic, spectroscopic, and crystallographic studies of hematin crystallization has been the unavailability of large hematin crystals grown under conditions representative of the parasite anatomy. We have developed a biomimetic method to reproducibly grow large hematin crystals reaching 50 μm in length. We imitate the digestive vacuole of Plasmodium falciparum and employ a two-phase solution of octanol and citric buffer. The nucleation of seeds is enhanced at the interface between the aqueous and organic phases, where an ordered layer of octanol molecules is known to serve as substrate for nucleation. The seeds are transferred to hematin-saturated octanol in contact with citric buffer. We show that the crystals grow in the octanol layer, while the buffer supplies hydrogen ions needed for bonds that link the hematin molecules in the crystal. The availability of large hematin crystals opens new avenues for studies of hematin detoxification of malaria parasites in host erythrocytes.
M alaria claims over one million lives annually and places up to 40% of the world population at risk, mostly throughout the equatorial regions of Africa, Oceania, South America, and Asia. 1, 2 Alarmingly, the mortality caused by the disease has significantly increased since the 1960s due to evolution of strains of Plasmodium parasites resistant to drug combination treatments and their spread. 3 Delayed parasite clearance has been recorded even for the most recent artemisinin-based therapies. 4 The impending failure of the common antimalarial drugs underscores the need for research into the main processes of malaria pathophysiology.
The process of hematin crystallization is a pivotal point in understanding the mechanism(s) of action of the major quinoline antimalarial drugs. 5, 6 The malaria parasites undergo multiple life cycle stages within the human host. The second stage occurs in the human erythrocytes, where free heme is released 7 as a byproduct of hemoglobin catabolism. 8, 9 The heme, Fe(II)-protoporphyrin IX, is oxidized to hematin, Fe(III)-protoporphyrin IX (Fe(III) PPIX), which is toxic to the parasite at elevated concentrations. Free hematin concentrations are minimized by the formation of benign crystals, referred to as hemozoin. 10 The hemozoin crystals have approximate dimensions of 100 × 100 × (300−500) nm 3 and are located within the parasites' digestive vacuoles. 11 Powder X-ray diffraction (XRD) from hemozoin extracted from Plasmodium falciparum and synthetic β-hematin crystals have demonstrated that the two materials are structurally identical triclinic crystals with space group P1̅ . 12−15 They are built of hydrogen-bonded head-to-tail dimers, 11 in which the central iron atom within the porphyrin ring of one hematin coordinates with a carboxylate oxygen of a second hematin. 12, 13 The parasite's digestive vacuole is biphasic, comprising lipid nanospheres suspended in an aqueous solution with pH in the range 4.8−5.5. 16, 17 The lipids are remnants of endocytosis used to transport hemoglobin into the digestive vacuole and exhibit sizes up to several hundred nanometers. 18 Recent evidence suggests that hemozoin nucleates on a lipid film adsorbed to the digestive vacuole membrane. 19−21 The direction of crystal growth after nucleation, into an aqueous or lipid environment, has not been unambiguously identified. 21−25 The traditional Western treatment for malaria, quinine, and its synthetic homologues, chloroquine, mefloquine, and others, 26−29 putatively work by blocking hematin addition to growing surfaces of hemozoin. 30 The sequestration of heme into hemozoin is a suitable target for new antimalarials and has been referred to as the "Achilles heel of the parasite". Thus, understanding the mechanisms of hematin crystallization and its inhibition by antimalarials is crucial for the development of new drugs that may overcome parasite resistance. 31 Large β-hematin crystals that can be grown by the method presented herein represent a platform by which to study antimalarial drug action. These crystals are required to determine the relevant crystal properties and monitor the kinetics of crystal formation. Crystals with micrometer dimensions afford the application of optical, atomic force, and scanning electron microscopies; surface methods, such as grazing incidence X-ray and neutron diffraction; 32 and small/ wide-angle X-ray scattering. Large crystal dimensions are necessary for single-crystal X-ray crystallography, which could yield a more accurate molecular structure of β-hematin (relative to currently available powder diffraction data). 14, 33 In turn, such structure would allow high-fidelity modeling of hematin−drug interactions and hematin aggregation. Moreover, large crystals would provide data on growth kinetics and inhibition rates by using high-sensitivity diagnostic techniques. 34−37 Lastly, β-hematin crystals are of interest due to their magnetic properties (the magnetic moment of the aqueous dimer of H 2 O/HOFe(III)PPIX is μ = 4.21) 38, 39 and could be potentially used as indicators in high throughput assays. Recently, crystals as large as 150 μm of a hematin−DMSO solvate were grown from a hematin solution in DMSO. 40 The nonphysiological synthesis and composition of these crystals constrain the physiological relevance and utility of the insights that they provide.
In this communication, we present a biomimetic approach to grow large β-hematin crystals. We model the environment in the parasites' digestive vacuole with a two-phase crystallization solution. To mimic the lipid bodies 27 of the parasites' digestive vacuole, we use 1-octanol, which has limited solubility in water. Since the lipid bodies are suspended in an aqueous medium, we assume that the lipid is saturated with water 41 and used watersaturated octanol, 42 referred to herein as wet octanol, as a model. Recent molecular dynamics simulations have elucidated the exchange of water molecules between the aqueous and octanol phases and shown the presence of an ordered layer of octanol at the interface; 43 this layer can serve as a nucleation template, analogously to the ordered lipids in the parasite's digestive vacuole. 19−21 To characterize the wet octanol, we employed dynamic light scattering with an ALV-5000/EPP device with laser wavelength λ = 628 nm, as discussed in Ketchum et al. 42 To maintain water content in octanol at saturation during data collection, we deposited about 100 μL of water at the bottom of the light scattering cuvette. The correlation and distribution functions of the scatted light in Figure 1A reveal that the wet octanol is not homogeneous but contains large scatterers that diffuse with a characteristic time τ = 11 ms. For the analyses of the DLS data, we used that the scattering vector q = 4πn/λ sin(θ/2) = 2.01 × 10 7 m −1 at a scattering angle θ = 90°. We assumed a viscosity η = 7.363 × 10 −3 Pa s and refractive index n = 1.429, equal to those of dry octanol. The radius R of the large scatterers was determined using the Stokes−Einstein relation
( 1) where k B is the Boltzmann constant, T is the absolute temperature, and the diffusivity D was substituted with the term D = (q 2 τ)
. We obtain R ≅ 120 nm. A similar characterization of dry octanol revealed no inhomogeneity. Thus, we conclude that the large scatterers reflected in the correlation function in Figure 1B are water droplets.
The presence of water droplets in the crystallization medium could have significant consequences for the nucleation and growth of β-hematin crystals. Thus, we tested the existence of water droplets in octanol with water content lower than the saturation limit and in water-saturated octanol in the presence of dissolved hematin. In both cases, the shoulder in the correlation function observed at long times in Figure 1A disappeared, indicating homogeneous solutions. The destabilization of the water droplets in the presence of hematin is counterintuitive: hematin is an amphiphilic molecule expected to lower the surface tension of the octanol−water interface and thus would be expected to stabilize the aqueous droplets. Our finding of opposite behavior suggests that hematin increases the solubility of water in octanol.
Dynamic light scattering (DLS) correlation functions similar to those in Figure 1A were recorded with 1-octanol held in contact with 25 mM aqueous citric buffer with pH 4.8. We conclude that buffer droplets of radius about 120 nm are present in citric buffer saturated octanol. The addition of hematin or the dilution with dry octanol leads to the disappearance of the DLS signal of the water droplets indicating that, similar to water-saturated octanol, the solution is homogeneous.
We tested if the commercial hematin, as received from Sigma-Aldrich, St. Louis, could provide seeds for the growth of large crystals. We characterized this reagent by powder XRD. The respective XRD pattern in Figure 1B does not possess any sharp peaks corresponding to Bragg reflections typical of β-hematin crystals. 22 We conclude that the commercial material is amorphous and cannot be directly used as a source of crystal seeds.
To produce crystal seeds, we used a thoroughly cleaned glass vial with an internal diameter 50 mm, in which we deposited wet octanol on top of citric buffer at pH of 4.8, as illustrated in Figure 2A . The octanol phase mimics the lipid nanospheres, while the citric buffer imitates the acidic environment of the parasite's digestive vacuole. 17 As expected, a well-defined interface exists between the two largely immiscible phases.
We prepared hematin solutions by dissolving commercial reagent at 2 mM in a 0.1 M NaOH (aq), following published procedures. 27, 42 To minimize hematin oxidation, we limited the exposure of this solution to air to less than 30 min. 44 After all particulate matter dissolved, we filtered 0.5 mL of the hematin solution through a 0.22 μm filter. Using a syringe, we divided this aliquot into ca. 20 droplets and deposited them at the octanol/citric buffer interface, as illustrated in Figure 2A . Brown clusters formed at the interface within approximately 10 min after hematin addition. We incubated the two-phase solution at 23°C for 12−14 days with minimal exposure to light. During the incubation, the pH of the citric buffer layer shifted to and intensity distribution function G(τ) obtained by dynamic light scattering from wet octanol. The data reveal the presence of a relatively monodisperse species of radius ca. 120 nm, which are likely water droplets. (B) Powder X-ray diffraction patterns of hematin: top, a model pattern computed using the package Diamond and hematin structure coordinates from the Cambridge Structural Database; middle, crystals grown in the laboratory following published procedures; 46 and bottom, porcine hematin as received from SigmaAldrich, indicating that the commercial material is predominately amorphous.
slightly higher pH values due to neutralization by the added NaOH but always remained below 5.1. We sonicated this solution for approximately 2 min prior to removing aliquots for time-elapsed studies. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images in Figure 3A ,B reveal that 30 min after hematin deposition the solution contains a mixture of faceted elongated formations, likely crystals, of size about 600 nm and what appear to be amorphous clusters. As time progresses, the quantity of amorphous material decreases, and the average crystal size increases. The phase transformation of hematin from amorphous solid to crystalline material is expected since the former is more soluble than the latter. SEM and AFM revealed that after 2 weeks, the crystals were approximately 2 μm in length. While these microcrystals were found in the aqueous phase, it is possible that they sediment from the organic phase. Hence, we cannot judge from these observations the location of their nucleation and growth. The process of formation of microcrystals is schematically depicted in Figure 2B .
Extended incubation of the two-phase crystallization solution illustrated in Figure 2B for up to 4 weeks did not yield crystals larger than 2−3 μm, likely due to depletion of soluble hematin. The deposition of greater volumes of hematin dissolved in 0.1 M NaOH failed to increase the crystal size, likely due to the documented pH increase in the citric buffer layer. Higher pH increases hematin solubility in the aqueous phase and reduces its concentration in the octanol phase; both consequences may induce growth cessation. Increasing the concentration of hematin in the initial NaOH solution led to smaller crystals likely due to the resulting higher numbers of nucleated crystals and corresponding fast exhaustion of the soluble hematin in the octanol phase.
To further grow these microcrystals, we used them as seeds for a second step of the crystallization procedure. We sonicated the two-phase solution and removed 50−100 μL of the citric buffer layer containing microcrystals. We prepared supersaturated solutions by dissolving commercial hematin powder in wet octanol at 70°C. Because of the slow dissolution rate of amorphous hematin, this took approximately 3 weeks, during which the concentration of soluble hematin gradually increased. The hematin concentration in these solutions was determined by UV−vis spectrophotometry using an extinction coefficient of 3.1 ± 0.3 cm −1 mM −1 at a wavelength of 594 nm. 42 In all experiments, the final hematin concentration was between 0.1− 0.4 mM, which exceeds the solubility of 0.07 mM at 25°C. 42 We deposited the seeds suspended in citric buffer into 200 μL of this solution as illustrated in Figure 2C .
The citric buffer added to the wet octanol created a twophase system. The seeds transferred to the octanol layer, likely owing to their hydrophobicity. This biphasic solution was incubated at 23°C for up to 2−4 days. The two-phase solution was filtered through a 0.22 μm PVDT filter. The crystals held by the filter were rinsed with one milliliter of a 2% SDS solution in a 0.15 M NaHCO 3 or a 5% pyridine in water, to remove possible amorphous hematin, following published procedures. 19, 45 Figure 3C demonstrates that within 1 h after their transfer to the hematin saturated two-phase solution, the seeds grow to about 5 μm. After 2−4 days, the crystals were about 30−35 μm, as seen in Figure 3D . This and other resulting crystals are well faceted and have smooth faces with no visible gaps. To identify the primary faces, we used the published values of the dihedral angles. 7 The crystal habit consists of {1̅ 00}, {010}, and {01̅ 1̅ } faces with ratios between their respective areas that are comparable to the hemozoin crystals found in P. falciparum. Longer growth times in the hematin saturated two-phase solution did not yield larger crystals. The limiting size could be due to exhaustion of the hematin in the solution or to accumulation of defects in the crystal; crystal defects lead to lattice strain that increases the free energy of the crystal, reduces the supersaturation, and facilitates growth cessation. To test the first scenario, we added freshly prepared hematinsaturated wet octanol to the top solution layer. Observation 2 weeks after the addition confirmed that this did not result in renewed growth, suggesting that the terminal crystal size is determined by the accumulation of defects in the crystals.
To understand the roles of the aqueous and organic phases for the nucleation and growth of large hematin crystals, we note that crystals grown in purely aqueous solutions are relatively small, around 2 μm in length, rounded and highly defective. 42 To test if crystals could be nucleated and grown in a single phase organic solution, we deposited about 20 mg of the amorphous commercial hematin in 2 mL of wet octanol. Within 2 days, well-faceted crystals of size 3−5 μm grew and had the habit illustrated in Figure 3D . Note that the same procedure performed in dry octanol did not yield any crystals.
With this, we conclude that the wet octanol layer of the twophase system is the likely location where the crystals seen in Figure 3D grew. We propose that the role of the citric buffer phase is 2-fold: First, during nucleation, the citric buffer phase provides an aqueous/octanol interface. The ordering of the octanol molecules at this interface may serve as a suitable location for crystal nucleation, as suggested for the nucleation of hemozoin crystals in vivo. 21, 25 Second, during growth, the citric buffer supplies hydrogen ions needed for the hydrogen bonds that link the hematin molecules in the crystal (see discussion of the hematin crystal structure above).
We tested several modifications to the procedure illustrated in in Figure 2 . We stored the vials with seeded hematinsaturated wet octanol at 9, 23, 37, 45, 60, and 70°C. The incubation temperature did not seem to affect the overall crystal size. If these vials were exposed to light, the crystal morphology was similar to the one of crystals grown in the dark; however, more distinctly faceted and larger crystal grew in vials stored in enclosures devoid of synthetic or natural light. Importantly, processes that employed either aqueous (pH 4.8) or anhydrous 1-octanol did not yield crystalline product at the nominal temperature and time of these studies. This confirmed the need to use a biomimetic two-phase system to mimic the lipidaqueous environment of the parasites' digestive vacuole.
The procedure illustrated in Figure 2 is readily scalable if higher amounts of crystals are desired. During nucleation, the area of the interface between the organic and aqueous phase is an important parameter. Hence, a flat trough in which the citric buffer is deposited at the bottom and octanol at the top ensures a large surface area for the deposition of NaOH-dissolved hematin. The volume of added NaOH should scale with the volume of citric buffer at the bottom of the trough so that after homogenization of the NaOH concentration the pH remains below 5; higher pH values prevent crystallization by increasing hematin solubility. 23, 42 In summary, we have developed a biomimetic system that uses biphasic solutions to regulate nucleation and growth and to achieve crystal sizes inaccessible by conventional methods. To mimic the digestive vacuole of P. falciparum, we employ two-phase solutions, consisting of organic and aqueous layers. The method yields crystals with average dimensions of ca. 30 μm (and as long as 50 μm). In the biphasic system, the likely location of crystal growth is the organic phase, while the adjacent aqueous solution supplies hydrogen ions needed to bond hematin molecules in the crystal lattice. The organic/ aqueous interface likely facilitates crystal nucleation by providing an ordered layer of octanol molecules. The availability of large hematin crystals opens new avenues for studies of hematin detoxification of malaria parasites and affords greater opportunity to use these materials for microscopic, spectroscopic, and crystallographic applications that are challenging for nanometer-size crystals.
